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Abstract  
The paper focuses on the occurrence of morphologically abnormal specimens of planktonic 
foraminifera observed over the last 550ky in IMAGES core MD 97-2114 (East of New 
Zealand, SW Pacific). Abnormal tests occurred throughout the entire record in all the 
morphospecies characterising the assemblages but were relatively rare, with percentages not 
exceeding 1.5% of the total assemblage. No mass abnormality events were found. A range of 
malformations were observed from slight deformity with smaller or overdeveloped chambers 
to more severe deformity, with misplaced chambers, distorted spirals or double tests forming 
twinned individuals. They exhibited several different categories of morphological 
abnormalities, even within the same sample. Test abnormalities were most abundant in the 
morphospecies Globorotalia inflata, Globigerina bulloides and Orbulina universa and were 
characterised by a long-term decreasing trend up core with an alternating % abundance 
pattern at the glacial to interglacial scale between MIS 14 to MIS 8, recording the highest 
percentages during the interglacials. Normalised total abundance and abnormal abundance 
curves co-varied very closely for G. bulloides and O. universa, but for G. inflata two 
opposing excursions were observed during MIS 13 and 6 which may be linked to water 
column states. Although abnormal numbers were proportionately low, there appears to be a 
“natural” background number of malformations in the G. inflata population through time. 
There was no relationship between volcanic ash production and test abnormalities.  
 
 
Keywords: planktonic foraminifera; abnormal test; environmental stressors; Pleistocene, SW 
Pacific 
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1. Introduction 
 
Morphological abnormalities of benthic foraminiferal tests have long been 
documented and various hypothesis relating to either natural ecological causes or human 
activities have been proposed to explain their occurrence (e.g. Geslin, et al., 2000 and 
references therein). Natural causes include environmental stressors such as wide fluctuations 
in salinity (e.g. Stouff et al., 1999; Debenay et al., 2001; Almogi-Labin et al., 1992; Alve, 
1995; Ballent and Carignano, 2008; Nigam et al., 2008), water acidification (e.g. Geslin et al., 
2002; Le Cadre et al., 2003; Wall-Palmer et al., 2011; Haynert and Schönfeld, 2014), oxygen 
depletion (e.g. Debenay et al., 2009; Luciani et al., 2010; Geslin et al., 2014), increased 
terrigenous input (Omaña et al., 2012), nutrification (e.g. Rossignol et al., 2011) and 
hydrodynamic damages (Stouff et al, 1999; Geslin et al.,  2000). Morphological abnormalities 
relating to human impact on the marine environment are associated mainly with pollution by 
heavy metals (e.g. Alve, 1991 a and b; 1995; Yanko et al., 1994; 1998; Geslin et al., 2000; 
2002; Le Cadre and Debenay, 2006; Frontalini and Coccioni, 2008; 2011; Armynot du 
Châtelet and Debenay, 2010; Aloulou et al., 2012; Melis and Covelli, 2013) and organic 
matter produced by eutrophication (Burone et al. 2006). Moreover, many of the proposed 
natural and anthropogenic causes have been simulated and quantified during the last decade 
using a range of laboratory experiments and field investigations to identify the specific factors 
responsible for causing the abnormalities (e.g. Le Cadre et al., 2003; Le Cadre and Debenay, 
2006; Nigam et al., 2008; Linshy et al., 2013; Geslin et al., 2014; Haynert and Schönfeld, 
2014).  
 
Similar data are largely missing from the literature for the planktonic foraminifera. It is quite 
curious that test malformations in planktonic foraminifera are rarely documented, even though 
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they clearly occur in the modern assemblage (personal observation). The few reports of 
planktonic species displaying test malformations spans a wide range of time and are mostly 
derived from the fossil record (e.g. Coccioni and Luciani, 2006; Luciani et al. 2010; 
Rossignol et al., 2011; Omaña et al., 2012; Weinkauf et al., 2014). Malformations and 
aberrant morphologies have been observed in extinct Cretaceous morphospecies from the 
Southern Mediterranean region (Verga and Premoli Silva, 2002; Coccioni and Luciani, 2006) 
and Mexico (Omaña et al., 2012), in middle Eocene subbottinids from Northern Italy (Luciani 
et al., 2010) and in the Miocene species Mutabella mirabilis from the tropical Pacific, Indian 
and Atlantic Oceans (Pearson et al., 2001). Malformed specimens of the modern 
morphospecies Orbulina universa and Globorotalia scitula have also been reported in 
Pleistocene cores from the Arabian Sea (Rossignol et al. 2011) and Eastern Mediterranean 
Sea (Weinkauf et al., 2014). Interestingly, test “abnormalities” have been reported in 
planktonic foraminifera during growth and survival studies in laboratory culture (Bijma et al., 
1990), but these appeared more frequently in more normal than extreme conditions. However, 
the test “abnormalities” described are commonly associated with the mature tests of the 
morphospecies studied, indicating that at the extremes of the culture environmental conditions 
less abnormalities occur because the individuals do not reach maturity. There was no 
indication that these extreme conditions induced the formation of other aberrant 
abnormalities.  
The natural causes hypothesised to explain the occurrence of the planktonic test abnormalities 
are vague and speculative, invoking an unusually high level of intraspecific variability in 
chamber shape and arrangement, aperture position and test ornaments (Pearson et al. 2001; 
Verga and Premoli Silva, 2002) or the combined interplay of different stressor events. These 
range from the development of oxygen-depleted conditions in the water column (Luciani et 
al., 2010), sometimes combined with nutrient injections into the photic layer in response to 
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monsoon activity (Rossignol et al., 2011), to the extremely stressful conditions (rapid and 
extreme climate fluctuations, sea- level fluctuations, increased terrigenous input and intense 
volcanism) developing near the K/P boundary (Coccioni and Luciani, 2006, Omaña et al., 
2012). However, since the construction of a single chamber requires only a few hours to 
complete, test malformations may result from highly transient variations in local 
environmental conditions. They may not necessarily reflect widespread environmental 
stressors acting on broad time scales, making potential causes very difficult to identify.  
In spite of numerous papers dealing mostly with pollution induced morphological 
abnormalities in benthic foraminiferal tests (e.g. Geslin, 2000; Armynot du Châtelet and 
Debenay, 2010; Frontalini and Coccioni, 2011; Aloulou et al., 2012), the precise mechanism 
by which tests develop growth malformations is still unknown. Aberrant morphologies arise 
when the growth plan of the test is disrupted, producing an abnormal shape compared to the 
expected morphology developed by the morphospecies within the same population. It is 
thought that the morphological abnormalities are induced by the stressor interfering with the 
cytoskeleton assembly which lays down the template for a new chamber (Murray, 2006). It is 
highly likely that several different biological mechanisms are responsible for producing the 
range of test abnormalities observed in shallow-water benthic foraminifera. The origin of 
abnormal twinned or double tests of Ammonia tepida and Elphidium crispum for example, has 
been explained as being possibly related to early ontogenetic perturbations in the production 
and completion of megalospheric juvenile specimens produced during multiple fission (Stouff 
et al., 1999). However, the possible mechanism producing test abnormalities has never been 
explained in other studies.  
In order to test the potential significance of abnormalities within planktonic 
foraminiferal assemblages, we have evaluated the number and character of abnormal 
planktonic specimens found within a Pleistocene sediment core from the SW Pacific Ocean 
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(core IMAGES MD 97-2114, East of New Zealand) and compared their occurrence with a 
detailed framework of paleo-environmental information generated from the same core over 
the last 550ky. We have discussed these data in the light of detailed morphological analyses 
conducted using Scanning Electron Microscopy (SEM) and have produced a descriptive 
classification of the morphological abnormalities found within the planktonic foraminiferal 
assemblages. We have further discussed the significance of our observations with respect to 
the possible environmental stressor(s) which occurred during the last 550 ky, East of New 
Zealand.  
 
2. Materials and methods 
 
2.1. Core 
The Site IMAGES MD 97-2114 (42°22’27”S; 171°20’42”W) was cored at a water 
depth of 1936 m on the northern side of the Chatham Rise, East of New Zealand (Fig. 1).The 
modern oceanography of the surrounding region (Fig. 1) is summarized by Hayward et al. 
(2012 and references therein). The core MD 97-2114 (ca. 28m) is mostly carbonate pelagic 
and hemipelagic biogenic mud (Lupi, 2009; Lupi et al., 2008) intercalated with micro- and 
macroscopic tephra layers (Venuti et al., 2007). The age model documents a continuous 
sedimentary record of the past 1.07 My, with an average accumulation rate of ca. 2.6 cm/ky 
(Cobianchi et al., 2012 and references therein). The section described in this study (ca. 16m) 
covers the last 550 ky and contains at least 11 tephra layers used for dating the core (Mancin 
et al., 2015 and references therein).  
For  the last ten years, the core used in this study has been extensively investigated for 
bio-chronostratigraphical, paleoecological, paleoclimatical and paleoceanographical purposes 
allowing a detailed chronological and paleoenvironmental framework to be reconstructed (e.g. 
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Schaefer et al., 2005; Crundwell et al., 2008; Lupi et al., 2008; Cobianchi et al, 2012; 2015; 
Hayward et al, 2012; Mancin et al., 2013; 2015). It could be considered the “perfect material” 
on which to carry out the first malformation study on planktonic foraminifera.  
 
2.2. Sample processing 
130 sediment samples (every 10 cm = ca. 4 ky) were prepared following standard 
procedures. Approximately 3cm
3
 of dried sediment was washed and sieved through two 
sieves (63m and 150m) and residues were dried in an oven at 40°C. Approximately 300 
planktonic foraminifera were counted in random aliquots of both the 63-150m and >150 m 
fractions to obtain census counts of the more common morphospecies. Though the smaller-
size planktonic foraminifera are more difficult to taxonomically determine and time-
consuming to count (Kucera, 2007), the smaller fraction (63-150m) of each sample was 
quantitatively characterised to avoid missing potentially meaningful data (e.g. the species 
Turborotalita quinqueloba, Globigerinita glutinata and Neogloboquadrina pachyderma).  
In order to quantify the total abundance of planktonic foraminifera displaying test 
abnormalities, the whole >150 m fraction of each sample was counted (Table A, on-line 
supplementary data). Percentages were then calculated by comparing the number of abnormal 
individuals in the whole sample with the expected total number of planktonic specimens in 
the sample, based on the extrapolation of a counted split. All abnormal specimens identified 
(over 1800) were picked and stored on slides for taxonomic characterisation at morphospecies 
level where possible. Assemblage and abnormal specimen counts are recorded in Table A 
(on-line supplementary data). 
 
2.3. Scanning Electron Microscope (SEM) Imaging 
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Representative specimens of the “normal” assemblage and selected abnormal 
specimens (ca. 150) were mounted on stubs using carbon conductive adhesive tape and gold-
coated for analyses by SEM imaging at the CiSRIC-Arvedi Laboratory. The SEM (Tescan 
FESEM, series Mira 3XMU) observations were made with increasing magnification, at 15 
mm working distance, using an accelerating voltage of 15 kV.  
 
2.4. Statistical analysis 
Percentage curves smoothed on 5 samples were normalized to facilitate comparison of 
total abnormal specimen curves against total specimen curves. Data were normalized using 
the software Microsoft Office Excel 2010 through the function n (normalized value)= (x-a)/y 
where x is the value to be normalized; a is the calculated arithmetic average of the considered 
distribution smoothed on 5 samples and y is the calculated standard deviation of the same 
distribution. A regression analysis was also performed on the obtained normalized curve; for 
each x-y plot the linear correlation coefficient of Pearson (r) was calculated.   
 
2.5. Taxonomy and planktonic indexes 
Planktonic foraminiferal taxonomy follows the works of Hayward (1983), Hemleben 
et al. (1989) with additional updates from Darling and Wade (2008) and Morard et al. (2011). 
Extant species of planktonic foraminifera are typically grouped into five main assemblages 
(bio-province index assemblages) that characterise and define the tropical, subtropical, 
temperate, subpolar and polar provinces (Bè and Tolderlund, 1971). An understanding of the 
environmental factors controlling the spatial and temporal distribution of the modern species 
facilitates the reconstruction of the state and variation of environments in the recent past. 
Using this perspective, the distribution/abundance curves for the planktonic bio-province 
index assemblages were determined (e.g. Kucera et al., 2005 and references therein) to 
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ascertain the variability in temperature and nutrients in surface waters at the IMAGES site 
during the last 550 ky. The morphospecies ecological preferences are summarized in Table 1. 
Tropical-subtropical, temperate and polar-subpolar indexes were produced as a guide to sea 
surface temperature (SST) variation and oligotrophic and eutrophic indexes were produced as 
a guide to surface nutrient availability. 
  
3. Results  
 
3.1. The planktonic foraminiferal assemblage 
The planktonic foraminiferal assemblages are quite diverse, abundant and generally 
well preserved throughout the entire record (Figs 2A-B; Plate 1). A total of ca. 43 
morphospecies were identified in the >150m and  63-150m fractions (Table A, 
Supplementary data). The most common and abundant morphospecies recorded in the 
>150m fraction, are Globorotalia inflata Type I (recently renamed Globoconella inflata and 
divided into two Types, I and II respectively, by Morard et al., 2011) (mean relative 
abundance (MRA) 35%; range 20% - 72%), Globigerina bulloides (MRA 25%; range 0 - 
60%), Globorotalia truncatulinoides-left (MRA 8%; range 2- 20%) and Orbulina universa 
(MRA 8%; range 0 - 25%). Less abundant morphospecies of the larger fraction (MRA <5%) 
are G. inflata Type II (sensu Morard et al. 2011), G. trucatulinoides-right, Globorotalia 
crassaformis, Neogloboquadrina dutertrei, Neogloboquadrina incompta and the spinose 
genus Globigerinoides. Important components of the smaller fraction assemblages are 
Turborotalita quinqueloba (MRA 30%; range 18 - 60%), Globigerinita glutinata (MRA 25%; 
range 10 - 50%), Globigerina falconensis (MRA 5%; range 2 - 20%), N. incompta (MRA 
15%; range 5 - 30%) and Neogloboquadrina pachyderma (MRA 1%; range 0 - 9%). The 
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remaining planktonic taxa occurred in very low abundances (MRA <3%) with discontinuous 
distributions (Table A, supplementary data).  
 
3.2. Assemblage abnormalities  
Determining what constitutes an abnormality is quite subjective when determining the 
limit between normal and abnormal morphology (Geslin, et al., 2000; Murray, 2006). With 
this proviso, authors have assessed test abnormalities by comparison with recognised 
morphospecies norms described within the literature. The total number of abnormal 
specimens found within each sediment sample is shown in Fig 3. Abnormal tests were 
observed throughout the entire record in all the morphospecies characterising the 
assemblages, but were found to be most abundant in the morphospecies G. inflata, G. 
bulloides and O. universa (Fig. 3). The remaining morphospecies exhibited very low 
abnormalities with discontinuous distributions (Table A – Supplementary data).  
The morphological abnormalities observed were wide ranging and diverse (Plates 2-
4). Abnormal tests displayed different degrees of malformation, ranging from slight deformity 
with smaller or overdeveloped chambers (e.g. Plate 2, images 4 and 8) to more severe 
deformity, with chambers in the wrong place (e.g. Pl. 2, image 3), distorted spirals or double 
tests forming twinned individuals (e.g. Pl. 2, images 9,10, 19). Based on observations derived 
from analysis of over 1800 abnormal specimens identified within the sediment samples, 
abnormalities were grouped into nine informal categories (labelled A to I). Similar 
subdivisions were previously devised by Geslin et al. (2000) for living benthic foraminifera. 
The categories for the planktonic foraminifera are illustrated in Plate 5. They are: A) tests 
with abnormal additional chamber(s) or protuberance(s); B) tests with abnormally protruding 
chamber(s); C) tests with abnormal chamber morphology; D) tests with abnormal chamber 
size (reduced or over-developed chambers); E) tests with distorted chamber arrangement; F) 
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twinned tests; G) test with abnormal opening(s); H) test with a complex shape displaying 
several categories of abnormalities and I) test with traces of regeneration. The classification 
of all abnormal specimens found in this study are shown in Table B (Supplementary data).  
Among the three most abundant morphospecies displaying test malformations (G. 
inflata, G. bulloides and O. universa), both G. inflata and G. bulloides exhibit several 
different categories of morphological abnormalities, even within the same sample (Table B, 
Supplementary data). The majority of the abnormalities corresponds to category A (abnormal 
additional chambers or protuberances), with less abundance observed in categories C 
(abnormal chamber morphology), D (abnormal chamber size) and G (abnormal openings). 
The remaining categories (B, H, I, E and F, Plate 5) are much less represented (Table B-
supplementary data). O. universa presents a very different pattern, and predominantly exhibits 
abnormal tests belonging to category D. These morphologies closely resemble the 
morphologies of the morphospecies Orbulina suturalis and Orbulina bilobata (Kennett and 
Srinivasan, 1983; Pl. 3 images 14-20; Table B, Supplementary data), which may in reality 
represent malformed O. universa in recent ecosystems. Interestingly, malformations due to 
mechanical damage of the test followed by regeneration (category I , plate 5) are very rare 
throughout the core, even though they have highly recognisable characteristic features, as 
irregular margins of crushed, repaired chambers and/or presence of scars (e.g. Plate 2, 11 and 
11a).  None of the recognized categories of abnormality seems to prevail in particular glacial 
or interglacial stages (Table B-supplementary data). 
 
3.3. Abnormalities through time 
The total number of abnormal tests and the total abundance curves for planktonic 
specimens are shown in Fig. 3. From these values, the total % abundance of abnormal 
specimens has been calculated together with the individual % abundance values for G. inflata, 
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G. bulloides and O. universa, the morphospecies which exhibit the majority of the test 
abnormalities (Fig. 4). These curves are compared with the 18O record from both the 
IMAGES core (Cobianchi et al., 2012; this study) and the standard benthic 18O stack LR04 
of Lisiecki and Raymo (2005), to determine whether there is any link between incidence of 
abnormality and environmental change through time. Abnormal specimens were found to be 
relatively rare, with percentages varying from 0 to 1.38% of the total planktonic foraminiferal 
assemblage (Fig. 4; Table A, Supplementary data). In general, the % abnormalities are 
characterised by a long-term decreasing trend up core. They exhibit an interesting alternating 
abundance/distribution pattern at the glacial/interglacial scale between MIS 14 to MIS 8, 
recording the highest percentages during the interglacials MIS 13, MIS 11 and MIS 9. 
Between MIS 8 and MIS 5 the incidence of abnormal specimens is low, but a slight increase 
in number is observed between MIS 4 and MIS 1. The trends in abnormal specimens through 
time are overwhelmingly governed by the trends observed in G. inflata (Fig. 4). However, 
more localised peaks are observed for abnormal specimens of G. bulloides at the MIS 9/10 
boundary and MIS 3 and for O. universa at MIS 13 and MIS 11 (Fig. 4; Table A, 
Supplementary data).  
The percentage curves of abnormal tests, G. inflata ab, G. bulloides ab and O. 
universa ab and the correspondent absolute abundance curves were normalized (see methods) 
in Fig. 5 to illustrate whether trends in abnormality deviate from the trends in foraminiferal 
abundance through time. In general, the two total planktonics curves co-vary closely for most 
of the record with two possible exceptions during MIS 6 and MIS 13 (Fig. 5, MIN and MAX 
arrows). The curves for both G. bulloides ab vs G. bulloides and O. universa ab vs O. universa 
show a surprisingly high correlation between these independent data (r values of 0.76 and 
0.60, respectively), indicating that there is a relatively constant percentage of abnormal 
specimens throughout both the glacial and interglacial stages. However, the normalised 
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curves for G. inflata ab vs G. inflata (Fig. 5) indicate that this is not always the case for G. 
inflata (r = 0,48). Not only does it dominate the abnormal foraminiferal assemblage, but the 
offsets observed in the normalized total abundance curves during MIS 13 (interglacial) and 
MIS 6 (glacial, Fig. 5, arrows) are primarily replicated in the G. inflata ab vs G. inflata curve, 
indicating that G. inflata is the morphospecies responsible for the offsets in the total 
abundance curve.  
 
3.4. Ecological setting through time 
Because the distribution and abundance of planktonic morphospecies is strongly 
correlated to surface water properties (e.g. Kucera, 2007 and references therein), the taxa 
shown in Fig 2A and 2B were grouped on the basis of their ecological affinities (Table 1) into 
ecological index assemblages that were used to reconstruct possible sea-surface conditions 
(temperature and nutrients) throughout the last 550 ky (see methods; Fig. 6). Kucera (2007) 
also proposed salinity as a third controlling factor, but since the core site only experienced 
open ocean conditions (Schlitzer, 2012; http//odv.awi.de), it is thought that salinity is unlikely 
to be a controlling factor determining the abundance and distribution of the planktonic 
assemblages. The paleo-ecological indexes were constructed using both the >150m and 63-
150m fractions, to investigate the variation in the abnormal specimen percentages of G. 
inflata, G. bulloides and O. universa (Fig. 5) and determine whether specific environmental 
changes could be linked to the anomalous offset in G. inflata abnormality observed during 
interglacial MIS 13 (increase) and glacial MIS 6 (decrease). The offset observed in the G. 
inflata curve during MIS 8 is due to a single outlier and is most likely an artefact. Also, the 
offset observed at the MIS 14/13 boundary is most likely a result of very low numbers of G. 
inflata in both data sets. 
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All paleo-ecological index assemblages show strong cyclicity and they were 
dominated by temperate to cool water taxa throughout (Fig. 6). Interestingly, the curve of the 
temperate taxa (>150µm) is a perfect mirror image of the polar-subpolar taxa curve (>150 
µm) due to the alternation between G. inflata and G. bulloides as they cyclically dominate the 
transitional to polar-subpolar assemblages (Figs. 2A and 2B). Since MIS 8 (ca. 300 ky) there 
was a dominant trend within the small polar-subpolar taxa plateauing within MIS 6, indicating 
increased cooling in surface waters (Fig. 6). In parallel, temperate to tropical-subtropical 
indexes decreased accompanied by a reduction in the average oligotrophic indexes, indicating 
increasing eutrophication. On the glacial/interglacial scale, cooler glacial intervals were 
characterised by an increase of polar-subpolar and eutrophic taxa, while during the warmest 
interglacials, a slight increase of tropical-subtropical and oligotrophic indexes can be 
recognised (Figs. 2A-B and 6).  
With this ecological perspective, it is possible to identify the water conditions 
prevailing at the times of peak production of abnormal tests (Fig. 4). The % abnormal G. 
bulloides peaks occur at the MIS 9/10 boundary and MIS 3 which correspond to strong peaks 
in their maximum relative abundance in the sediment (Fig 2A). The peak at the MIS 9/10 
boundary occurred prior to the strong increased cooling trend indicated by the small polar-
subpolar taxa (Fig. 6A ), but is co-incident with the nutrient peak observed at the MIS 9/10 
boundary (Fig. 6B). The % abnormal O. universa peaks occur within the interglacials MIS 11 
and MIS 13 (Fig. 4) which correspond to increased warming and lower nutrient levels in the 
water column. However, in both these morphospecies, their abnormality peaks are strongly 
related to their test abundance during these events (Fig. 5). Unlike G. bulloides and O. 
universa, the dominant morphospecies G. inflata does not always exhibit a constant 
relationship between abnormality peaks and test abundance (Fig 5). As mentioned above, it 
exhibits  a decoupling of abundance and abnormality at times, particularly during interglacial 
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MIS 13 (increase; Fig. 5; arrow MAX) and glacial MIS 6 (decrease; Fig. 5; arrow MIN). 
Examination of the 18O record and environmental indexes shows that although MIS 13 was a 
relatively cool interglacial compared with MIS 11 and 9, it had by far the least number of 
polar-subpolar taxa in the core assemblages. In addition, the presence of the deep-dweller 
morphospecies G. scitula and G. hirsuta in the assemblage (Fig. 2B) may indicate there was a 
structural difference in the water column during MIS 13 compared with the interglacials MIS 
11 and 9, where G. inflata abnormality peaks and test abundance closely track one another 
(Fig 5). The glacial MIS 6 represents the height of the cooling trend in increasingly eutrophic 
waters (Fig. 6).  
 
4. Discussion  
 
4.1. Abnormality within planktonic foraminiferal populations 
In her review, Geslin et al. (2000) provided a classification of test abnormalities 
exhibited by living benthic foraminifera on the basis of recurrent morphologies without regard 
to their origins and causes. Following a similar approach, we described and SEM imaged the 
different categories of morphological abnormalities exhibited by Pleistocene planktonic 
foraminifera from the SW Pacific (Plates 2-5). Interestingly, our data show that comparable 
test abnormalities occur in both planktonic and benthic foraminifera, even though the 
planktonics are suspended freely in the water column rather than inhabiting the sedimentary 
habitats of the benthos. This suggests that similar test abnormalities occur, regardless of 
potentially different stressing conditions, due to the limited test constructions and forms that 
are physically possible. The shape and arrangement of foraminiferal chambers is primarily 
genetically controlled, but the cell components play a physical role in constructing the test. 
The question of whether planktonic foraminiferal cells make functional adaptations to test 
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shape in response to different environmental conditions (ecophenotypes) is still largely 
unknown. However, if environmental stressors are outside their normal adaptive range, it is 
quite possible that foraminiferal cell behavior would be affected, producing test abnormality. 
Test malformations could potentially be also induced by genetic mutation, which would 
depend on whether the stressor affected reproduction and/or DNA replication. We have no 
data to discriminate between the influence of an external stressor on foraminiferal cell 
behavior or on genetic mutation, but genetic mutation would  seem less probable. We 
observed that the test malformations occurred simultaneously in all the morphospecies studied 
within the same sample. If a mutation was responsible, it would have to be assumed that the 
same genetic mutation contemporaneously affected all the morphospecies exhibiting test 
abnormalities, even though they are genetically diverse and ecologically divergent.  
The question remaining to be answered is whether there is a constant background 
number of “natural” malformations in planktonic foraminifers through time or whether the 
percentage varies in response to the intensity of the stressors. Further, if the percentage does 
vary, are the variations associated with specific morphospecies and are any particular 
malformations related to the type and intensity of identifiable stressors? 
 
4.2. Percentage abnormality down core 
In the literature, the percentage of abnormal benthic foraminiferal specimens is 
reported to be highly variable within living assemblages coming from both stressed and 
normal environments (from 1-3% to over 40%; Stouff, 1999; Yanko et al., 1998; Coccioni, 
2000; Geslin et al., 2002; Frontalini and Coccioni, 2008). For this reason some authors 
tentatively proposed the limit of 1% above which the percentage of malformed tests can be 
considered “abnormal” (e.g. Alve, 1991a,b; Stouff et al, 1999; Geslin, et al., 2000). In our 
samples, specimens exhibited abnormalities mostly below 0.5% and more rarely up to 1.38% 
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of the assemblage, close but sometimes above the 1% limit (Fig. 4; Table A- Supplementary 
data). However, it cannot be assumed that benthic abnormality values will apply to the 
planktonics. We do however believe it reasonable to suggest that the range of values for the 
malformed specimens in the IMAGES core is representative for values of test abnormalities 
associated with planktonic foraminiferal populations in natural conditions. Nevertheless, it is 
difficult to judge what should be considered as a “normal” background level.  
In the studied core the percentage of abnormal tests was not constant, but showed a 
clear variability over time; the values ranged between 0 and 1.38% (Fig. 4; Table A- 
Supplementary data), with only 3 intervals when the percentage rose above 1% within a long-
term decreasing trend up core. The highest percentages were observed during the interglacial 
MIS 13, MIS 11 and MIS 9 and then decreased progressively up core with a further slight 
increase during MIS 3 into 2The total abundance curve shows cyclical variability with no 
consistent relationship with glacial/interglacial (G/I) cyclicity, but it does exhibit a substantial 
long-term increasing trend up core (particularly since MIS 8) as opposed to the downward 
trend in the percentage abnormal curve. That is, with increasing numbers of foraminifers in 
the sediment sample, the percentage of abnormal specimens decreases up core (Figs 3 and 4). 
This downward trend in the total % abnormality curve is not the result of an alternation in 
morphospecies, since G. inflata clearly represents the majority of abnormal specimens in the 
>150µm fraction ( Fig. 3, Table A-supplementary data). The G. inflata abundance curve (Fig 
3) indicates that there was a slight increasing trend in G. inflata abundance yet there was a 
reducing trend in the percentage of abnormal G. inflata (Fig. 4). This suggests that the low 
abnormality levels observed in G. inflata between MIS 8 and MIS 3 may represent a “normal” 
background level of abnormality in G. inflata and that the peaks observed earlier between 
MIS 13 - 9 represent elevated levels, potentially induced by stressors within the environment. 
Similar much smaller trends were also observed in G. bulloides and O. universa (Fig. 3).  
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The increased percentage of abnormal specimens of G. inflata is cyclical and mostly 
associated with the warmer interglacials prior to MIS 8 (Fig. 4). The smaller peaks in 
abnormality observed in the G. bulloides and O. universa curves were more sporadic and 
discrete (Fig. 4). The normalized percentage curves in figure 5 show that they mainly co-vary 
with a few notable exceptions. Even though percentages of abnormal specimens are low, the 
curves for both G. bulloides and O. universa show a surprisingly high correlation, suggesting 
that they have a more or less constant percentage of abnormal specimens, independent of 
glacial/interglacial changes. However, in G. inflata, the normalized curves largely co-vary 
during interglacials with the exception of MIS 13, where there is a large and opposite 
excursion indicating a proportionately greater percentage of abnormal specimens of G. inflata 
in the sediments during interglacial MIS 13. Further, there is also a contrasting large and 
opposite excursion during glacial MIS 6, indicating a proportionately lower percentage of 
abnormal specimens of G. inflata in the sediments (Fig. 5). 
 
4.3. Potential stressors 
 
4.3.1. Paleoceanographic ecological conditions 
Using the relative abundance curves (Fig 2A and B) and paleoenvironmental indexes (Fig. 6), 
it is possible to gain an understanding of the paleoenvironmental conditions prevailing when 
the mismatches in abnormal and abundance curves described above occur. The percentage 
peak in abnormal specimens of G. inflata during MIS 13 coincides with high levels of G. 
inflata Type II, G. scitula and G. hirsuta in the assemblage. This is quite interesting since G. 
inflata Type II is today specifically associated with eutrophic, mixed subpolar waters (Morard 
et al, 2011), yet the most eutrophic index morphospecies G. bulloides is at its lowest 
percentage level at this time, which is also consistent with oligotrophic taxa being at their 
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highest levels (Fig. 6). Further, G. scitula and G. hirsuta are also both considered oligotrophic 
indexes and usually inhabit the deep layers of a stratified water column. The assemblages are 
clearly quite unusual during MIS 13 and are suggestive of a period of constantly alternating 
mixed and stratified water column modes. By using a combination of these paleoecological 
indexes (Fig. 6) and evidence from the literature (e.g. Schaefer et al., 2005; Crundwell et al., 
2008; Cobianchi et al., 2012; Hayward et al., 2012), it is possible to reconstruct the broad 
paleoceanographic setting in which G. inflata exhibited maximal abnormality (MIS 13; Fig 5; 
arrow MAX). The moderate increase of tropical-subtropical and oligotrophic indexes during 
the warmest interglacial MIS 13 can be considered the response of a major influence of the 
STW inflow and the consequent migration of the STF towards the south with the development 
of more oligotrophic conditions and an increased stratification in the water column (Fig. 1; 
Crundwell et al., 2008; Hayward et al., 2012). Alternations in this front migration could 
explain the increased abnormalities recorded in G. inflata during the interglacial MIS13. 
Since G. inflata Type II reached maximal numbers within the G. inflata assemblage at this 
time (Fig. 2B), it is highly likely that the genotype II is the most stressed and the one 
producing the most abnormal tests. Alternatively, it is important to note that G. inflata 
expanded its geographic range to the southern subpolar waters around the Middle Pleistocene 
Transition (ca. 700 ky; Morard et al., 2011). This event most likely corresponds to the 
partitioning of ancestral G. inflata into genotypes I and II, where Type II is restricted to 
Antarctic subpolar waters in the present day. In this study, although the morphology of G. 
inflata specimens has been differentiated as accurately as possible, the resulting relative 
abundance data of G. inflata genotypes appear anomalous and contrary to ecological indexes. 
This is particularly the case in the oldest section of the core and could indicate that G. inflata 
may not have been fully ecologically differentiated at that time, resulting in a higher degree of 
test abnormality during a period of low abundance during MIS13.   
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In contrast to interglacial MIS 13, there was a relative fall in abnormal specimens in 
the G. inflata assemblage during the glacial MIS 6. Eutrophic and polar sub-polar taxa were 
peaking during MIS 6 (Fig. 6) and G. inflata abundances were high (Fig. 3). Both Crundwell 
et al. (2008) and Hayward et al. (2012) suggested that during extreme glacials such as MIS 6, 
SST’s were slightly cooler (11-14 °C) at the core site, being influenced by cooler and more 
nutrient-rich waters from the south. Such transitional water could represent the most 
favourable conditions for G. inflata-Type I, minimising the production of abnormal tests (Fig 
5; arrow MIN).  
 
4.3.2. Volcanism  
Another possible candidate that could act as a natural stressor causing morphological 
abnormalities could be the explosive volcanism of the Taupo Volcanic zone (TVZ, Fig.1) off 
the North Island of New Zealand. Such explosive volcanism can cause mass mortality of 
planktonic organisms or induce test malformations in the whole water column (e.g. Wall-
Palmer et al., 2011 and references therein). For the last 1.6 My, the TVZ has been 
characterized by voluminous eruptions which dispersed abundant volcanic ash widely 
offshore New Zealand to form micro and macroscopic volcanoclastic layers, mostly made of 
glass spherules (Alloway et al., 2004; Carter et al., 2004; Venuti et al., 2007; Mancin et al., 
2015; Cobianchi et al., 2015). To determine whether an increase of abnormal specimens is 
associated with the tephra layers, the percentage of abnormal specimens was plotted against 
the percentage of glass fragments (Fig. 7). There is no significant correlation between the 
incidence of abnormal specimens, as shown by the very low correlation coefficient (r = 
0,001). Therefore we have no evidence that the downfall of volcanic ash has induced test 
abnormalities in the planktonic assemblages of this study. It is very important to note 
however, that the sampling intervals in this study have an estimated duration of approximately 
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4Ky, while single volcanic eruption episodes can occurs within a few years. Lack of 
correlation between volcanic events and abnormality may therefore only imply that our 
sampling resolution is too low to detect the impact of transient volcanic activity. To reveal the 
impact of such potentially short term stressors, it would be necessary to carry out detailed 
sampling of particularly high resolution possibly laminated sediments, which could be 
correlated with volcanic tephra. Such records are rare, but should provide the answer to 
whether repeated explosive volcanism with its associated surface ocean acidification by 
volcanic gases and ejecta causes mass mortality or induce test malformations of planktonic 
organisms in the whole water column. 
 
5. Conclusion 
The idea of documenting abnormal morphologies in foraminifera has wider 
implications for helping define patterns of marine biodiversity (and identifying potential times 
of change or stress), which is relevant to predicting future biodiversity change. The present 
work reports for the first time the morphological abnormality in an open ocean planktonic 
foraminiferal test assemblage (>150 m fraction).  
Abnormalities were observed in all morphospecies throughout the entire record 
(550ky) and were comparable to those observed in benthic assemblages. Abnormal specimens 
were rare and never exceeded 1.5% of the total assemblage. Different categories of 
abnormality were found within a single morphospecies and were most abundant in the 
morphospecies G. inflata and in G. bulloides and O. universa. The trends in total abnormal 
specimens through time were overwhelmingly governed by the trends observed in G. inflata.  
Percentage abnormality exhibited an alternating abundance pattern at the 
glacial/interglacial scale between 550-300ky (MIS14-8), with the highest percentages 
observed during the warmer interglacials. This was followed by a long-term decreasing trend 
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in % abnormality up core, concurrent with the highest numbers of specimens per sample, with 
a further slight increase in abnormality after MIS 3. The period from 300-50ky represent a 
minimal background level of abnormality for G. inflata, G. bulloides and O. universa. Their 
independent normalised percentage abnormality and abundance curves demonstrate a 
surprisingly high correlation, given the low numbers of abnormal specimens. The percentage 
of abnormal specimens closely tracks abundance throughout both the glacial and interglacial 
stages with only two possible exceptions. The first is a proportionately low level of 
abnormality in G. inflata during glacial MIS 6, when the core site was influenced by cooler 
and more nutrient-rich waters. This may have favoured test growth, minimising abnormal test 
production. The second is a proportionately high level of abnormality in G. inflata during 
glacial MIS 13. Reconstruction of the broad paleoceanographic setting at this time suggest it 
may have been a period of constantly alternating water column modes, leading to increased 
abnormal test production.  
In conclusion, although abnormal percentages are low, there does appear to be a 
background number of “natural” malformations in the planktonic foraminiferal population 
through time, particularly in G. inflata. This implies that there may be a 'base line' for 
background abnormalities in planktonic foraminifera. In G. inflata, the percentage of 
abnormal tests decreased in the most favourable conditions and increased during perturbations 
of the system. No specific categories of malformations correlated with these events.  
No relationship was found between volcanic ash production and test abnormalities and 
no mass abnormality events were observed during the last 550ky in this region. However, this 
may be due to lack of resolution and we cannot exclude the possibility that high resolution 
studies may reveal a relationship between volcanic activity and test malformations in future 
studies. 
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FIGURE CAPTIONS 
 
Fig. 1. Synthetic map of the area around New Zealand and location of the studied IMAGES 
site MD 97-2114 and of the Taupo Volcanic Zone (TVZ). The surface oceanography with the 
relative position of the major water masses, fronts and currents are redrawn and partly 
modified by Hayward et al. (2012).  
 
Fig. 2A-B. Distribution curves showing the relative abundance of the most common 
planktonic morphospecies plotted against the 18O record from both the studied IMAGES 
core (Cobianchi et al., 2012) and the standard LR04 (in grey on the left) of Lisiecki and 
Raymo (2005). Interglacials are shaded. Taxonomic subdivision followed the papers of 
Darling and Wade (2008) and Morard et al. (2011).  
 
Fig. 3. Distribution curves reporting the total abundance of both abnormal planktonic 
foraminifera and of abnormal specimens determined for the most common morphospecies (G. 
inflata, G. bulloides, O. universa) plus the combined remainder, counted in the whole >150 
m fraction. Below, the total abundance curves of the species which developed test 
malformation are also shown. The abundance curves are plotted against the 18O records, as 
in Fig. 2. Interglacials are shaded.  
 
 
Fig. 4. Distribution curves reporting  the percentage of abnormal planktonic foraminifera 
within the total assemblage and the percentage of abnormal specimens within the most 
common morphospecies (G. inflata, G. bulloides, O. universa) plus the combined remainder. 
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The abundance curves are plotted against the 18O records as in Fig. 2. Interglacials are 
shaded.  
 
 
Fig. 5. Comparison of normalised percentage curves of abnormal planktonic foraminifera , G. 
inflata % ab, G. bulloides %ab and O. universa %ab (red) against their normalised total 
abundance curves (black; see methods). The curves are plotted against the 18O records as in 
Fig. 2. Note that the percentage curves co-vary for most of the studied record apart from 
during MIS 13 (arrow MAX) and MIS 6 (arrow MIN). The corresponding x-y plots with the 
linear coefficient r are also imaged below. Interglacials are shaded.     
 
Fig. 6. Abundance patterns of planktonic foraminiferal paleoecological indexes plotted 
against the 18O records as in Fig. 2. See the text for further explanations. Interglacials are 
shaded.  
 
Fig. 7. Distribution curves showing the percentage of glass fragments recorded in both ODP 
1123 and IMAGES MD 97-2114 sites and the percentage of abnormal specimens counted in 
the whole >150 m fraction. The curves are plotted against the 18O records, as in Fig. 2. 
Interglacials are shaded; yellow and orange bars mark the position of rhyolitic tephra layers. 
The corresponding x-y plot with the linear coefficient r is also imaged below. 
 
TABLE CAPTION 
 
Table 1. Ecological preferences of the most common morphospecies of modern planktonic 
foraminifera. Reference papers are indicated as numbers on the right column. 
AC
CE
PT
ED
 M
AN
US
CR
IP
T
ACCEPTED MANUSCRIPT
 
PLATE CAPTIONS 
 
Plate 1 
The most common morphospecies of planktonic foraminifera occurring in the core IMAGES 
MD 97-2114, Chatham Rise (New Zealand).  
1: Globigerina bulloides, (7,42 meters below sea floor - mbsf). 2a,b: Globigerinella 
aequilateralis (4,98 mbsf). 3: Globigerinoides elongatus (4,33 mbsf). 4: Turborotalita 
quinqueloba (4,20 mbsf). 5: Orbulina universa (4,33 mbsf). 6: Globigerinita minuta (0,47 
mbsf). 7a,b: Globigerinita glutinata (6,24 mbsf). 8: Globorotalia crassaformis (5,60 mbsf). 
9: Globorotalia hirsuta (0 mbsf). 10a,b: Globorotalia inflata, Type II (sensu Morard et al., 
2011) (4,33 mbsf). 11a,b: Globorotalia inflata, Type I (sensu Morard et al., 2011) (0,84 
mbsf). 12: Globorotalia truncatulinoides (right) (5,72 mbsf). 13: Globorotalia 
truncatulinoides (left) (5,72 mbsf). 14: Globorotalia scitula (5,34 mbsf).15: 
Neogloboquadrina pachyderma (5,34 mbsf). 16a,b: Neogloboquadrina incompta (5,34 mbsf). 
 
Plate 2 
Abnormal specimens of Globorotalia inflata throughout the studied record. Note that this 
morphospecies exhibits various morphological abnormalities, often within the same sample. 
1-3: Specimens with abnormal additional chambers (1,08 mbsf). 4-5: Specimens with an 
abnormally protruding chamber (1,21 mbsf). 6-7: Specimens with chambers characterised by 
an abnormal morphology (14,46 mbsf). 8: Abnormal specimen with a chamber reduced in 
size (1,08 mbsf). 9-10: Abnormal specimens partly blended to form twinned tests (13,11 
mbsf). 11: Abnormal specimen with traces of test regeneration (0,47 mbsf); a) detail showing 
the repaired chamber with the presence of a marked scar. 12-16: Specimens with abnormal 
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subsidiary openings sometimes covered by a bulla (arrow) (4,45 mbsf). 17-18: Abnormal 
specimens with a complex shape characterised by the co-occurrence of different test 
abnormalities (2,72 mbsf). 19: Abnormal specimen with a distorted chamber arrangement 
(10,55 mbsf). 
Bars are 100 m. 
 
Plate 3 
Abnormal specimens of Globigerina bulloides and Orbulina universa throughout the studied 
record. Note that the stated morphospecies exhibit various morphological abnormalities, often 
within the same sample. 1-5: Specimens of G. bulloides with abnormal additional chambers 
or protuberances (6,24 mbsf). 6: Abnormal specimen of G. bulloides with an over-developed 
chamber (2,72 mbsf). 7-10: Specimens of G. bulloides with abnormal openings(13,08 mbsf). 
11: Specimen of G. bulloides with an abnormal chamber morphology (6,00 mbsf)12: 
Abnormal specimen of G. bulloides with some traces of test regeneration (arrow) (1,86 mbsf). 
13: Abnormal specimen of G. bulloides with a distorted chamber arrangement (2,47 mbsf). 
14-20: Abnormal specimens of O. universa with the last chamber reduced in size and that 
does not include the previous chambers (specimens 14-16 sampled at 10,04 mbsf; specimens 
17-20 at 12,72 mbsf). The abnormal specimens are morphologically close to the extinct genus 
Praeorbulina and to the species Orbulina suturalis. Bars are 100 m. 
 
Plate 4 
Abnormal specimens of other morphospesies, such as: Globorotalia trucatulinoides (left), 
Neogloboquadrina incompta, Neogloboquadrina dutertrei, Globigerinita minuta, 
Globorotalia crassaformis, Globigerinoides elongatus, Globorotalia scitula, Globigerina 
falconensis, Globigerinita glutinata, Globigerinella sp. and Globigerinita uvula throughout 
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the studied record. Note that all the stated morphospecies exhibit various morphological 
abnormalities, often within the same sample.  
1-2: Specimens of G. truncatulinoides with abnormal additional chambers (6,24 mbsf). 3-6: 
Abnormal specimens of N. incompta exhibiting different abnormalities as: an abnormal 
opening (3; at 8,94 mbsf), chambers with a distorted arrangement (4; at 5,60 mbsf)), twinned 
tests (5; at 14,92 mbsf) and an abnormally protruding chamber (6; at 5,47 mbsf). 7-8: 
Specimens of N. dutertrei with the last chamber characterised by an abnormal morphology 
(12,60 and 13,84 mbsf, respectively. 9-11: Specimens of G. minuta exhibiting different 
abnormalities as: an abnormal additional chamber (9; at 6,11 mbsf) and twinned tests(10-11; 
at 6,48 mbsf). 12: Abnormal specimen of G. falconensis with an abnormal additional chamber 
(2,72 mbsf). 13-14: Abnormal specimens of G. elongatus with abnormal additional chambers 
(15,16 and 13,08 mbsf, respectively). 15: Abnormal specimen of G. scitula with an abnormal 
additional chamber (7,09 mbsf). 16: Abnormal specimen of G. crassaformis with an abnormal 
additional chamber (10,04 mbsf). 17: Abnormal specimen of G. glutinata with an abnormal 
additional chamber (5,47 mbsf). 18: Abnormal specimen of Globigerinella sp. with an 
abnormal additional chamber (11,68 mbsf). 19-20: Abnormal specimens of G. uvula with 
abnormal additional chambers (15,96 mbsf). Bars are 100 m. 
 
Plate 5 
Different categories of morphological abnormalities recorded in the core IMAGES MD 97-
2114. These categories are inspired by the paper of Geslin (2000). See the text for further 
explanations.  
 
 
SUPPLEMENTARY DATA (ONLY ON-LINE) 
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Table A. Total census of the studied planktonic foraminiferal assemblages 
Table B. Subdivision of the counted abnormal specimens of each morphospecies within the 
different categories of abnormality here labelled with the alphabetical letters from A to I. Note 
that each morphospecies exhibits different categories of abnormality generally within the 
same sample. 
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 52 
Highlights 
- The studied planktonic foraminifera developed abnormal tests throughout the entire 
550ka record  
- Abnormal tests have percentages not exceeding 1.5% of the total planktonic 
assemblage 
- Test abnormalities mostly occur in the morphospecies G. inflata, G. bulloides and O. 
universa  
- Test abnormalities occur with a long-term decreasing trend up core  
- The highest percentages of abnormalities are recorded during interglacials MIS 13, 11 
and 9 
